We examined the ability of the ovine mammary gland to synthesize leptin throughout pregnancy and lactation. Leptin gene expression was assayed by real-time reverse transcription and polymerase chain reaction in mammary gland from ewes at 15, 80, 106, 112, or 141 d of pregnancy and at 0 (30 min after parturition), 3, 48, or 70 d of lactation. Leptin mRNA level was high at the beginning (the first 80 d) and at the end of pregnancy and was lower at midpregnancy and throughout lactation. Furthermore, during these periods of mammary leptin expression, the
Introduction
Leptin is mainly, but not exclusively, produced by adipose tissue (Zhang et al., 1994; Ahima and Flier, 2000) and contributes to the regulation of energy balance by informing the brain about fat store levels, then regulating food intake and energy expenditure in adult animals (Houseknetch et al., 1998; Casanueva and Dieguez, 1999) . Leptin, via its receptors located in most tissues, has been implicated in numerous other roles, including modulation of reproduction, endocrine system, tissue metabolism, blood pressure, hematopoiesis, angiogenesis, brain and bone development, wound healing, and cell differentiation and proliferation (Ahima 723 location of leptin protein, as determined by immunohistochemical analysis, changed within mammary tissue. It was located in adipose cells during early stages of pregnancy, in epithelial cells after full cell differentiation just before parturition, and in myoepithelial cells after parturition. These data, compared with published data on leptin receptor gene expression, provide evidence that leptin could be produced by different cell types of the mammary gland and could act as a paracrine factor on mammary cell growth and differentiation via adipose-epithelial cells and myoepithelial-epithelial cell interactions.
and Flier, 2000) . The identification of leptin in human (Casabiell et al., 1997; Houseknetch et al., 1997; SmithKirwin et al., 1998) , rat (Casabiell et al., 1997) , murine (Aoki et al., 1999) , bovine (Rosi et al., 2000) , and porcine (Estienne et al., 2000) milk suggests that this hormone could also be involved in the physiology of the neonate. However, the presence of leptin in milk opens the question of the mechanisms by which the epithelial cells transfer leptin from the blood and(or) synthesize it. A transfer of leptin from maternal blood to milk through mammary epithelial cells was suggested by the detection of [
125 I]-leptin in milk after intraperitoneal injection of [
125 I]-leptin into lactating rats (Casabiell et al., 1997) and by the characterization of leptin receptor mRNA in ovine mammary epithelial cells (Laud et al., 1999) . However, the detection of leptin mRNA and(or) protein in human (Smith-Kirwin et al., 1998) and murine (Aoki et al., 1999 ) mammary tissue suggests also that leptin could be produced in the mammary gland. To address the ability of the ovine mammary gland to synthesize leptin, we quantified leptin mRNA levels by real-time reverse transcription and polymerase chain reaction (RT-PCR) throughout pregnancy and lactation. In addition, we used immunofluorescence detection to localize the leptin protein among mammary cell types.
Materials and Methods

Tissue Samples
Animal care and use procedures were approved by the French Ministry of Agriculture in agreement with French regulations for animal experimentation (guideline 19/04/1988) . Primiparous Préalpes du Sud ewes (n = 26) were allotted in eight groups according to their pregnancy or lactation stage: 15, 80, 106, 112, or 141 d of pregnancy and 0 (30 min after parturition), 3, and 48 to 70 d of lactation (three to four animals per group). The diet distributed during the first 3 mo of pregnancy consisted of 58% ammonia-treated straw, 19% barley, 13% dehydrated alfalfa, and 10% peas. The diet distributed from the 3rd mo to the end of pregnancy consisted of 46% ammonia-treated straw, 26% barley, 20% dehydrated alfalfa, and 8% peas. The diet distributed to lactating ewes with one lamb consisted of 23% wheat and barley straw, 23% pea straw, 9% oats, 18% barley, 23% dehydrated alfalfa, and 4% soybean meal. The diet distributed to lactating ewes with two lambs consisted of 20% wheat and barley straw, 20% pea straw, 8% oats, 20% barley, 24% dehydrated alfalfa, and 8% soybean meal. Vitamin-mineral premix was added to the feed at 15 or 30 g/d for the pregnancy and lactation stages, respectively. The body condition score was 2.4 ± 0.4 (on a 0-to-5 scale). The number of fetuses or lambs was one for 16 ewes and two for 10 ewes. Ewes were slaughtered by exsanguination and samples of mammary tissue were immediately placed either in 2% paraformaldehyde-PBS buffer for immunohistochemical analysis or frozen in liquid nitrogen pending gene expression analysis.
Quantification of Leptin mRNA Level by Real-Time Quantitative RT-PCR Assay
Total RNA was prepared by the guanidium isothiocyanate/phenol method as described by Puissant and Houdebine (1990) . Quantification of leptin mRNA level was performed by real-time RT-PCR, using the fluorescent TaqMan methodology and a 7700 Sequence Detector System (PE Applied Biosystems, Courtaboeuf, France) according to a procedure described previously (Bonnet et al., 2000) . Sense (5′-TCAGTGGATGGTCCC-TCGA-3′) and antisense primers (5′-GGGAAACC-CAAGCCTCCTC-3′) as well as TaqMan probe (5′-CAG-GACCAGCCCCCAGGAGCC-3′) (PE Applied Biosystems) were chosen ( Figure 1 ) after characterizing 1,076 bp of the leptin mRNA 3′untranslated region (3′UTR). This 1,076-bp cDNA fragment was reverse-transcribed and amplified by PCR with the forward (5′-CTTTGTTTCTACTGTGACTGACT-3′) and the reverse (5′-AGTGCAAGCAGGGTTAGCCTGTG-3′) primers and sequenced using an ABI 377A automated sequencer (PE Applied Biosystems) as described previously (Bonnet et al., 2000) . The sequence accession number of this 1,076-bp cDNA fragment is AF310264. Figure 1 . Partial nucleotide sequence of ovine leptin cDNA and position of the primers and TaqMan probe used for the real-time reverse transcription and polymerase chain reaction assay. We characterized 1,076 bp of the ovine leptin cDNA corresponding to a part of the leptin mRNA 3′untranslated region (accession number AF310264). This ovine (o) fragment was aligned with its human (h) and pig (p) counterparts (sequence accession numbers U43653 and AF026976, respectively). Gaps (.) have been placed to maximize the similarity. Dashes (-) correspond to nucleotides that are identical to those of the ovine leptin sequence. The primers and TaqMan probe used for quantitative analysis of leptin mRNA level are shaded. Alignment was performed with the Clustalw program (Version 1.81). This ovine 1,076-bp sequence shows 67 and 78% identity with the human and pig sequences, respectively.
The reverse transcription reaction (20 L) of the realtime RT-PCR assay was performed using 4 g of total RNA, with 100 U of SuperScript reverse transcriptase (Gibco BRL, Life Technologies, Cergy Pontoise, France) and 10 pmol of oligo(dT) 18 . Amplification reactions (50 L) contained diluted (1:500 in water) cDNA sample (10 L), 10 × PCR Master Mix (27.5 L, PE Applied Biosystem), 40 pmol of each primer, and 10 pmol of TaqMan probe. The cycling conditions included 2 min at 50°C and 10 min at 95°C. Subsequently, thermal cycling proceeded with 45 cycles at 95°C for 15 s and at 60°C for 2 min. Each assay was performed in triplicate. The concentration of leptin mRNA was determined from a calibration curve prepared by amplifying 59, 250, 29, 625, 7, 406, 1, 851 , and 592 copies of a recombinant plasmid containing the 1,076-bp fragment described in Figure 1 .
The leptin mRNA copy number was normalized by the mRNA copy number of the constitutively expressed cyclophilin gene, quantified by real-time RT-PCR as described previously (Bonnet et al., 2000) .
Leptin Location by Indirect Immunofluorescence
Mammary fragments obtained after dissection were fixed with 2% paraformaldehyde in PBS buffer, pH 7.2, for 24 h. Fixed tissues were incubated overnight in 40% sucrose in PBS, frozen in liquid nitrogen vapors, and cut in 3-m sections at −35°C with a Reichert Cryocut (Leica, Reuil-Malmaison, France).
Leptin antiserum was produced in rabbits by injection of 1 mg of recombinant chicken leptin (Raver et al., 1998) solubilized in saline buffer and emulsified in Freund's complete adjuvant. Three and six weeks later the rabbits were reimmunized with 1 mg of recombinant leptin solubilized in saline buffer and emulsified in Freund's incomplete adjuvant. From the 6th wk after initial immunization, antiserum was collected weekly.
Serum and antibody dilutions were made in PBS containing 0.2% of fish gelatin.
For labeling of leptin protein, tissue sections (n = 2 or 4 for tissues from pregnant and lactating ewes, respectively) were successively incubated with PBS-50 mM NH 4 Cl (20 min), PBS (three times, 15 min each time), goat serum (1:10, 1 h) and rabbit anti-chicken leptin antiserum (1:100, 2 h); washed in PBS-0.2% fish gelatin; and then incubated with fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (1:200 for 2 h; Sanofi Diagnostics Pasteur, Marnes-La-Coquette, France). Sections were mounted on a drop of Vectashield (Vector Laboratories, Burlingame, CA) and observed with a Polyvar Reichert microscope (Leica). Control sections were treated similarly with nonimmune rabbit serum or with omission of anti-chicken leptin antiserum. To check the specificity of the staining, sections were incubated with anti-chicken leptin antiserum fully adsorbed with chicken leptin. This adsorbed antiserum was prepared by incubating, for 2 h, chicken Means (± SEM) with different superscripts differ significantly (P < 0.05).
leptin (Raver et al., 1998) with anti-chicken leptin antiserum (1:100) to make a final concentration of 1 g/L.
Double-labeling of both leptin protein and F-actin structures was performed according to the same procedure, with the addition of 0.17 mol of tetramethylrhodamine phalloidin (Molecular Probes, Eugene, OR) to the incubation step with FITC-conjugated goat antirabbit IgG.
Statistical Analysis
Data were normalized by log transformation and were submitted to an analysis of variance by the GLM procedure of SAS (SAS Inst. Inc., Cary, NC). Since a significant (P < 0.01) effect of the physiological state was shown, the differences between two physiological stages were tested using Duncan's test with a probability of 0.05.
Results
Temporal Expression of Leptin mRNA in Ovine Mammary Gland During Pregnancy and Lactation
Leptin mRNA level, normalized by the level of cyclophilin mRNA, varied significantly (P < 0.01) depending on the pregnancy or lactation stage (Figure 2 ). During pregnancy, the leptin mRNA level decreased strongly between d 80 and d 106 or 112 (P < 0.05), before increasing slightly at d 141 (P < 0.05 for d 141 vs d 106 of pregnancy) to levels similar to those assayed at d 15 and 80. Throughout lactation, leptin mRNA levels did not vary significantly but were lower (P < 0.05) than the level assayed at d 80 of pregnancy. Moreover, at d 3 of lactation, the level of leptin mRNA was significantly (P < 0.05) lower than those assayed at d 15, 80, or 141 of pregnancy.
Immunofluorescent Location of Leptin in Ovine Mammary Gland During Pregnancy and Lactation
Immunofluorescence performed with the anti-leptin antiserum showed a labeling located in adipose, epithelial, or myoepithelial cells depending on the pregnancy or lactation stage. During early pregnancy (d 15), leptin immunostaining was located in adipocytes, mainly in their cytoplasm ( Figure 3A) . At the end of pregnancy (d 141), fluorescent labeling was detected on the apical membrane of the epithelial cells ( Figure 3B ). Just after parturition (30 min), a leptin labeling was observed as a continuous fringe surrounding the acini ( Figure 3C ) and as a discontinuous fringe until 70 d of lactation (data not shown). Sections of mammary tissue from one other ewe at each pregnancy stage and three other ewes at d 0 of lactation showed similar location of immunostainings. Just after parturition, the leptin labeling was colocalized with the F-actin labeling, indicating that leptin protein was mainly located in myoepithelial cells ( Figure 3D ). At all stages of pregnancy and lactation, leptin immunostaining was eliminated when anti-leptin antiserum was preadsorbed with leptin ( Figures 3E,  3F, 3G ). No label was detectable when a non-immune rabbit serum was used instead of anti-leptin antiserum or when the second antibody alone was used (data not shown).
Discussion
We report here the first evidence that ovine mammary tissue expresses leptin mRNA during lactation. This result is in agreement with the mammary synthesis of leptin previously reported in humans (Smith-Kirwin et al., 1998) and mice (Aoki et al., 1999) .
We also report strong variations in ovine mammary leptin gene expression depending on the stage of pregnancy or lactation. Leptin mRNA was expressed throughout pregnancy, with a strong decrease in the expression at mid-pregnancy. During lactation the leptin mRNA levels were lower than or similar to those observed during the end of pregnancy. One of the most interesting aspects of our study was the observation that the cellular location of leptin changed during the different phases of mammary gland development. During early stages of development, leptin was exclusively located in mammary adipocytes. In contrast, after full cell differentiation, just before parturition, adipose tissue had completely regressed and leptin was present in mammary epithelial cells, whereas during lactation, leptin was located in myoepithelial cells. Such a sequential change in the leptin location between mammary cell types suggests a new and complex scheme of mammary leptin expression. Indeed, our results suggest a strong synthesis of leptin by mammary adipocytes at the beginning of pregnancy that decreased to a lower level during the second part of pregnancy when adipocytes disappeared. At the end of pregnancy, leptin mRNA level increased slightly and leptin protein was located in epithelial cells. A local production is likely because a putative transfer of blood and(or) mammary adipocyte leptin would be reduced, due to the strong decrease in leptin receptor gene expression by the epithelial cells at this stage (Laud et al., 1999) . In addition, after parturition and throughout lactation, leptin mRNA was expressed by the mammary tissue and leptin protein was found in myoepithelial cells. It could be hypothesized that leptin is produced exclusively by myoepithelial cells because leptin receptor is not expressed in this cell type (Laud et al., 1999) . Further studies, however, are needed to ascertain that leptin is synthesized by epithelial and myoepithelial cells around parturition. Nevertheless, in agreement with this hypothesis, leptin synthesis was observed in a breast epithelial cell line (O'Brien et al., 1999) as well as in rat skeletal muscle cells (Wang et al., 1999) .
These sequential changes of leptin cellular location, together with the synthesis of leptin receptor exclusively by epithelial cells and mainly between 70 and 106 d of pregnancy (Laud et al., 1999) , suggest that leptin could act as a paracrine factor in mammary gland growth, development, and function. Indeed, mammary gland growth and development during pregnancy are highly dependent on steroids and protein hormones from ovaries, placenta, and pituitary gland (Lyons, 1958) . However, in vitro studies indicate that these hormone effects are largely indirect, being mediated by growth factors synthesized by mammary adipocytes (Levine and Stockdale, 1984; Rudland et al., 1984; Woodward et al., 1998) . Leptin could be one of these steroid-inducible proteins synthesized by mammary fat cells; the strong leptin gene expression that we observed at 80 d of pregnancy occurred concurrently with the start of the increase in plasma estradiol concentration (Martinet and Houdebine, 1999) . Moreover, the maintenance of alveolar structures during lactation is partly controlled by growth factors such as IGF-I, transforming growth factor-α and -β, and fibroblast growth factor-1, 2, and 7, mainly synthesized by myoepithelial cells (Gomm et al., 1997; Plath et al., 1998; Martinet and Houdebine, 1999) . Hence, the myoepithelial cell leptin observed in our study could participate in the control of epithelial cell growth and survival (apoptosis). Finally, leptin gene expression by sheep mammary gland around parturition could be related to leptin secretion in colostrum and milk; it has been observed in women (Casabiell et al., 1997; Houseknetch et al., 1997; Smith-Kirwin et al., 1998) , rats (Casabiell et al., 1997) , cows (Rosi et al., 2000) , pigs (Estienne et al., 2000) , and mice, mainly during the first 2 d of lactation (Aoki et al., 1999) . It could be hypothesized that leptin, as a colostral protein, may promote immunity Lord et al., 1998) and(or) intestinal cell functionality (Morton et al., 1998) in newborn mammals.
Implications
We show for the first time that leptin is produced by the ovine mammary gland; its gene expression is maximal at the beginning of pregnancy and, to a lesser extent, at the end of pregnancy. Moreover, we report here the presence of leptin protein in adipose, epithelial, or myoepithelial cells at the beginning or the end of pregnancy, or after parturition, respectively. These results suggest that leptin, besides being a colostral protein, may be a paracrine factor acting on mammary gland growth, development, and function, via adiposeepithelial cells and myoepithelial-epithelial cell interactions favored by epithelial cell leptin receptors. Further studies are needed to clarify putative implications of leptin in the physiology of newborns as well as in mammogenesis around puberty and during pregnancy, and in mammary cell apoptosis during lactation. This would help us to better understand the mechanisms for the known effect of nutritional factors and body fatness on peripubertal mammogenesis.
